palaeoclimate change across the Eocene-Oligocene transition recorded in continental NW Europe by mineralogical assemblages and d 15 N org (Rennes
Introduction
The EOT is marked by a global drastic cooling (4~6 °C) that led the Earth climatic system to evolve from a "greenhouse" to an "icehouse" mode (Kennett and Shackleton, 1976; Zachos, 2001; Lear et al., 2008) . This cooling is well documented in marine environments from around the world using elemental and isotopic geochemistry (Zachos, 2001; Katz et al., 2008; Lear et al., 2008; Bohaty et al., 2012; Wade et al., 2012) as well as clay mineralogy (Ehrmann et al., 1992) . Many authors have suggested that this global cooling was associated with enhanced seasonality (Ivany et al., 2000; Mosbrugger et al., 2005; Eldrett et al., 2009; Wade et al., 2012; Hren et al., 2013) . However, less studies focused on detailed continental records during this major climate change, while they pointed to large heterogeneities in America and Western Europe (Cavagnetto and Anadón, 1996; Mosbrugger et al., 2005; Dupont-Nivet et al., 2007; Sheldon, 2009 ).
In North-West Europe, previous works have suggested humid/warm tropical conditions from the Ypresian to the Bartonian during which subtropical climate established, whereas the Oligocene was characterized by temperate climate (Ollivier-Pierre et al., 1987 , 1993 . The CDB1-core drilled in the Rennes Basin (Western France) in 2010, provides the opportunity to complete and refine the continental record of the area during the EOT. It consists of ~300 m of very well-preserved organic-rich lacustrine sediments, that encompass the Late Eocene to Oligocene series (Bauer et al., 2010, Bauer et al. accepted) .
Only few studies have successfully employed bulk organic nitrogen isotopes (δ 15 N org ) in a terrestrial setting as a paleoclimatic proxy in pre-quaternary times (Storme et al., 2012) , while clay minerals are commonly used for paleoclimatic reconstructions as they may be associated to inland hydrolysis conditions (Chamley, 1989; Schnyder et al., 2006; Dera et al., 2009 ). The use of δ 15 N org as presented here for pre-quaternary times is relatively new. It is thought that the relative openness of the N-cycle -mostly driven by water availability -at the soil/plant interface controls δ 15 N org values: drier conditions lead to higher δ 15 N org values (open N-cycle) and conversely (Handley et al., 1999; Swap et al., 2004; Liu and Wang, 2008) . In this paper, we applied those concepts to a terrestrial δ 15 N org data set, and combined it to the analysis of clay minerals in order to reconstruct paleoclimates.
Geological settings
The NNW-SSE trending graben-type Rennes Basin (10km long; 2km width) is located east of the Armorican Massif along the Pont Péan fault structure (Figure 1; Jaeger, 1967; Ollivier-Pierre et al., 1993) . Cenozoic basins of the Armorican Massif are related to the extension phase that affected Western Europe during the Upper Eocene and Oligocene (Esteoule-Choux et al., 1988) , leading to the initiation of large rift structures in France and Germany (Bergerat, 1987; Dèzes et al., 2004) .
In 2010, the CDB1 core was drilled under the guidance of the French Geological Survey (BRGM). The core was 675 m long including 270 m of Neoproterozic folded sediments as the basement for the overlying 405 m of Cenozoic deposits (Figure 2 ). The Cenozoic sediments consist of ~300 m of well-preserved organic-rich laminated and massive clays, Page 20 of 36 For Review Only suggesting lacustrine to palustrine environments, respectively. The palynological content revealed an organic matter mainly of terrestrial origin, with macrophytes in palustrine environments and extra-palustrine debris from the surrounding vegetation in lacustrine environments (Bauer et al., 2010; Bauer et al. accepted) . According to palynomorphs associations, the Eocene-Oligocene boundary was firstly identified around -195 m (Bauer et al., 2010; Bauer et al. accepted) , confirmed by magneto-and cyclostratigraphic analyses that positioned the boundary .
Methods

Mineralogy
Bulk mineralogy and clay mineral associations were identified by X-ray diffraction (XRD) using a Bruker D2 phaser X-ray powder diffractometer equipped with a LynxEye detector (CuKα radiation, λ=1.54Å and Ni filter). From -405 m to -66 m, bulk mineralogy was analyzed on 425 samples within Cenozoic deposits (resolution ~0.8 m), whereas clay minerals were analyzed on 244 samples (resolution ~1.30 m). Oriented mounts were prepared for clay minerals analyses and three X-ray diagrams per sample were performed following the analytical procedure described in Moore and Reynolds (1997) . Semi-quantitative proportions of the identified minerals were obtained using MacDiff® 4.2.5 software.
Organic geochemistry
Total Organic Carbon (TOC) values, Hydrogen Index (HI) and Oxygen Index (OI) were determined by Rock-Eval pyrolysis (Espitalié et al., 1985) . For nitrogen isotopes, 32 samples were selected with TOC values ranging from 1.7% to 24.1%. Content of total nitrogen (N tot ) and inorganic nitrogen bound (N bnd ) in clay minerals, with their respective isotopic composition (δ 15 N tot and δ 15 N bnd ) were determined for each sample following Silva and Bremner (1966) and Schubert and Calvert (2001) . δ 15 N org values were calculated by mass balance of %N bnd , %N tot , δ 15 N bnd and δ 15 N tot (Storme et al., 2012) .
Total and inorganic nitrogen content and isotopic composition of samples were determined by isotope-ratio Mass Spectrometry using a Thermo Scientific Delta V plus mass spectrometer connected to a ConFlo IV dilution system, coupled with a Flash 2000 analyzer for elemental analyses. The analytical accuracy and precision of the system were monitored using tyrosine (δ 15 N = 10.01‰) as internal laboratory standard, that was calibrated on international standards IAEA-N1 (δ 15 N = 0.3‰), IAEA-N2 (δ 15 N = 20.1‰) and IAEA-N3
(δ 15 N = 4.5‰), with an overall precision better than 0.3‰ above 40 µg of nitrogen and 0.6‰ below this amount. Replicate analyses were performed, with a mean standard deviation better than 0.002% for the nitrogen content and better than 0.2‰ for δ 15 N values.
Results
Mineralogy
The mineralogy of rock samples mainly consisted in quartz (0-90%), clays (10-90%), and framboidal pyrite (0-10%). Clay fraction (<2µm) was mainly dominated by kaolinite (0-100%, 65% on average), illite (0-100%, 20% on average) and smectite (0-80%, 15% on average).
A major mineralogical and organic change was recorded at the EOT (Figure 3 ). The Eocene assemblage was characterized by moderate quartz proportions (0-70%, 30% on average), high kaolinite content among clay minerals (10-100%, 90% on average) and high organic content with TOC values up to 27% (5% on average). In contrast, the Oligocene sediments showed higher quartz content (5-80%, 40% on average) and the appearance of smectite among clay minerals (0-80%, 30% on average), associated with lower kaolinite content (0-100%, 55% on average) and lower TOC values (3% on average).
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Remarkably, the proportion of quartz exhibited long-term cyclic-like variations, especially in the Oligocene, with wave length of ~50 m. Similar features were recorded in TOC values, associated with a general decrease of TOC values from the base toward the top of the core.
Nitrogen isotopes (δ 15 N)
The %N tot ranged between 0.03% and 0.7% and the %N bnd between 0.01% and 0.07%, the organic nitrogen corresponding to 32-95% of the total nitrogen (Table 1 ). The calculated δ 15 N org values ranged from 1.1‰ to 6.3‰, with the strongest variation recorded across the EOT (~4.5‰) and lower values below this limit (2.9 ±1.1‰), than above (4.5 ±1.2‰).
Discussion
Clay minerals and δ 15 N org values most likely reflect an environmental signal as burial did not exceed 500 m (Bauer et al., 2010; Bauer et al. accepted) . In a HI-OI diagram, most of the samples used for δ 15 N org analyses plot in a Type-III organic matter and several in a Mix of Type III and I ( Figure 4A ). This suggests a major contribution of terrestrial organic matter (Type III) and a relatively low contribution of algal-bacterial and/or autochthonous macrophytes material (Espitalié et al., 1985) . To first order, it thus allows the interpretation of δ 15 N org values as a terrestrial derived signal.
Long-term paleoclimate evolution
Kaolinite results generally from active hydrolysis and ion leaching by chemical weathering in humid/warm conditions, whereas smectite often results from parent rock alteration in poor drained environment under lower hydrolyzing conditions. Smectite could Page 23 of 36 For Review Only also be related to the development of confined hydromorphic soils in the catchment area and/or enhanced seasonality (Chamley, 1989; Wright et al., 2000; Schnyder et al., 2006) .
Dominant kaolinite during the Eocene thus suggests enhanced hydrolyzing conditions associated to humid/warm conditions, whereas lower hydrolyzing conditions associated with drier/cooler conditions during the Oligocene (Zachos, 2001; Sheldon, 2009 ) are confirmed from the strong decrease in kaolinite content and the appearance of smectite ( Figure 3 ).
Major mineralogical changes are a common signature of the EOT, as reported from Oregon (Kautz, 2002) , the Antarctic Ocean (Ehrmann et al., 1992) or the Tibetan Plateau (Zhang and Guo, 2014), suggesting a transition from chemical weathering to physical erosion at the EOT, which is in good agreement with the mineralogical record in CDB1. Leaching processes induced by humid conditions could also explain the low δ 15 N org values recorded prior to the EOT (Figure 3) , when interpreted as a terrestrial derived signal, as δ 15 N org values are negatively correlated with precipitations (Amundson et al., 2003; Swap et al., 2004; Wang, 2008, 2010) . In humid environments, ecosystem productivity is Page 24 of 36 For Review Only enhanced and nutrients are consequently limited, leading to nutrient recycling and closed Ncycle, which limits N loss and associated 15 N fractionation. In contrast, the ~6‰ increase of the δ 15 N org values across the EOT suggests a 15 N-enrichment of the plant/soil system by N loss (e.g. gas emission either by nitrification, denitrification and/or volatilization; Aranibar et al., 2004) , resulting from low N-recycling in water-limited and nutrients-enriched environments, associated to the demise of the ecosystem productivity (Handley et al., 1999; Swap et al., 2004; Liu and Wang, 2008) . If organic matter is mainly of terrestrial origin, the ecosystem productivity refers to the vegetation development in the catchment area and within the lacustrine-palustrine system. δ 15 N org values are thus in agreement with the establishment of drier conditions in the Early Oligocene.
However, organic sources may have influenced δ 15 N org values either by in situ primary production or N 2 -fixing organisms (Hollander et al., 1993; Hodell and Schelske, 1998; Paris et al., 2010) . Even though a contribution of algal-bacterial and/or autochthonous macrophytes material is suggested by few relatively high HI values (>300 mg HC/g TOC; Figure 4A ), their influence on δ 15 N org values is thought to be minimal as HI and δ 15 N org values were not correlated ( Figure 4B ). Thus, a climatic control on δ 15 N org values is more likely. Amundson et al. (2003) also suggested that δ 15 N org values are positively correlated with temperatures. To this respect, increasing δ 15 N org values across the EOT would have potentially suggested warming conditions. This is not consistent with the global cooling recorded worldwide (Zachos, 2001; Mosbrugger et al., 2005; Bohaty et al., 2012; Wade et al., 2012; Hren et al., 2013) and the local palynomorph associations (Bauer et al., accepted) .
Thus, we propose that in our case water-availability rather than temperatures is the dominant environmental factor controlling δ 15 N org values as suggested by Liu and Wang (2008) .
Consequently, decreasing temperatures during the EOT were probably associated with drier 
A stepwise Eocene-Oligocene Transition
In CDB1, δ 15 N org values, kaolinite and smectite content show a two-step evolution towards drier conditions designated as step 1 and step 2 (Step 1 from -206 to -195 m;
Step 2 from -181 to -176 m) and separated by a plateau (Figure 3 ). The overall evolution from -206 to -176 m constitutes the EOT in CDB1. Several studies in marine environments described a stepwise EOT of ~300 kyr (Coxall et al., 2005; Bohaty et al., 2012) , even extended up to ~800 kyr if including EOT-1, EOT-2, Oi-1 and Oi-1a events (Katz et al., 2008) . The Oi-1a event was interpreted as an eustatic lowering induced by ice-volume growth, associated with a ~2 °C cooling. It occurred 500 kyr after the Oi-1 at the C13n/C12r Chron transition, which corresponds to a previous ice-volume growth and ~2 °C cooling (Katz et al., 2008) . In CDB1, step 1 and 2 are both marked by a change from organic-rich to massive, organic-poor clay, with additional roots development, either highlighting basin filling or water base-level drops that might correspond to the successive sea-level falls identified in the marine realms between EOT-1 and Oi-1a (Katz et al., 2008) . Sea level drops would therefore be a likely mechanism for reduced moisture input that triggered drier conditions in the Early Oligocene.
However, the exact timing of those steps is unknown in CDB1 and the estimation of duration remains essential to elaborate close correlations between marine and terrestrial records.
Short-term paleoclimate evolution
Unlike the clay assemblages, δ 15 N org values were highly variable prior to the EOT. It is probably because the N-cycle reacts faster to local environmental changes (e. g. Andersson et al., 2012) than clay minerals that suppose a long lasting modification of landscapes by major changes in hydrolysis conditions. δ 15 N org values increased from 2.0 ±0.7‰ during the Bartonian/Earliest Priabonian to 4.1 ±1.1‰ in the late Early Priabonian (Figure 3 ), suggesting drier conditions, in agreement with palynomorph assemblages that stated the disappearance of tropical taxa since the Late Bartonian (Bauer et al., accepted) . The positive excursion of the δ 15 N org in the late Early Priabonian is associated with a low organic matter accumulation interval, suggesting diminished vegetation cover in the catchment and decreasing lacustrine-palustrine productivity. Among several cooler/drier episodes identified during the Late Eocene (Cavagnetto and Anadón, 1996; Vonhof et al., 2000; Katz et al., 2008 ), a regional aridification of global significance in Asian interior dated as Early Priabonian (Abels et al., 2011) might be linked to the episode identified in CDB1.
A return to relatively more humid conditions is suggested by lower δ 15 N org values (2.7 ±0.6‰) recorded in the Late Priabonian, than in the late Early Priabonian (4.1 ±1.1‰) until the largest shift at the Eocene-Oligocene boundary (Figure 3 ). Those conditions were probably more suitable for organic matter accumulation in the lacustrine-palustrine system, as recorded by an organic-rich interval in the Late-Priabonian.
In the Early Rupelian, associated with the highest δ 15 N org values, the decrease in The unstable climate of the Early Rupelian was probably associated with enhanced seasonality as the formation of smectite is favored under contrasted season climate (Chamley, 1989; Wright et al., 2000) . This is confirmed by the disappearance of warm forms pollens and an increase in Herbaceae and Coniferales fractions consecutive to the establishment of a dry season (Bauer et al., accepted) . Enhanced seasonality seems to be a widespread characteristic of the Early Oligocene climate as it has already been suggested in Central and Northern
Europe (Mosbrugger et al., 2005; Hren et al., 2013) , South UK (Gale et al., 2006) , northern high latitudes (Eldrett et al., 2009 ) and America (Ivany et al., 2000; Wade et al., 2012) 
Conclusion
The CDB1 core constitutes a rare succession of high resolution, well-preserved terrestrial record that encompasses the EOT. A major mineralogical change and a drastic increase of δ 15 N org values occurred at the EOT indicating the transition from warm/humid conditions in the Eocene to cooler/drier conditions in the Oligocene. This transition is stepwise and might record the paleoclimatic events identified in the marine environment between EOT-1 and Oi-1a.
The initiation of the climatic degradation was recorded during the late Early Priabonian (prior to the EOT). During the Early Rupelian, long-lasting humid/dry cycles, associated to enhanced seasonality are suggested as previously reported in both marine and terrestrial environments worldwide. Paleoproductivity patterns in the catchment of the lacustrine-palustrine system fit well with the climatic changes, enhanced vegetation cover being in tune with warmer/more humid conditions.
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However, the exact duration of the recorded events remains unknown, although it is essential to elaborate close correlations between marine and terrestrial environments.
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OI, Oxygen Index (mg CO 2 /g TOC); TOC, Total Organic Carbon; TN, Total Nitrogen; N bnd , Nitrogen bound in clay minerals that remained after KOBr-KOH treatment; N org , organic nitrogen; FrN org , the per cent organic nitrogen of the total nitrogen in a sample; ∆ 15 N tot and ∆ 15 N bnd , error on the δ 15 N tot and δ 15 N bnd values (isotopic values of N tot and N bnd ), respectively, based on the standard deviation of the isotopic values calculated with at least two replicates.
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